Background: Babies born before 28 weeks' gestation have lower plasma thyroid hormone concentrations than more mature infants. This may contribute to their risk of poor developmental outcome. Previous studies have suggested that thyroxine supplementation for extremely preterm neonates may be beneficial. The aim of this study was to investigate the effect of administration of supplemental thyroxine to very premature babies on brain size and somatic growth at 36 weeks' corrected gestational age (CGA). Methods: In this explanatory multicentre double blind randomised placebo controlled trial, 153 infants born below 28 weeks' gestation were randomised to levothyroxine (LT4) supplementation or placebo until 32 weeks' CGA. The primary outcome was brain size assessed by the width of the subarachnoid space measured by cranial ultrasound at 36 weeks' CGA. Lower leg length was measured by knemometry.
Background
Hypothyroidism causes neurodevelopmental disability in untreated congenital hypothyroidism babies [1, 2] and this is preventable by supplementary levothyroxine (LT4) [3] . The proportion of preterm infants with low plasma free thyroxine (FT4) concentrations increases with decreasing gestational age [4, 5] . Up to 69% of infants born below 30 weeks' gestation have lower thyroxine (FT4) concentrations than term babies [5] [6] [7] [8] [9] . However, LT4 supplementation does not invariably improve neurodevelopmental outcome [6, [10] [11] [12] [13] [14] . It is unclear whether the condition known as transient hypothyroxinaemia of prematurity (THOP) [15] , defined by low FT4 concentrations and normal concentrations of thyroid stimulating hormone (TSH), contributes to the causation of neurodisability. A Cochrane review [16] of thyroid hormone supplementation for premature infants concluded that future trials of sufficient size are needed to detect clinically important differences in neurodevelopmental outcome. The studies should enrol those infants most likely to benefit from thyroid hormone therapy such as extremely preterm infants. There is therefore clinical uncertainty about whether apparently low plasma FT4 concentrations should be treated or whether they are a marker of illness severity or a normal concomitant of prematurity.
The largest study to date has been a randomised controlled trial of levothyroxine (LT4) supplementation by van Wassenaer et al. [8, 14] that recruited 200 infants on the basis of gestational age (<30 weeks' gestation). There were no differences in outcomes for the whole sample. However, a post hoc analysis of only 46 infants <27 weeks' gestation (19 treated with LT4, 27 with placebo) showed an improved Bayley Scales II Mental Development Index (MDI; effect size 0.74 of SD) at 2 years. An improved IQ score (effect size 0.65 of SD) at age 5 years [17] was observed among the most immature infants treated with thyroxine. The reliability of that observation was limited by the small number of infants in the subgroup analysis, which had not been pre-specified. In other studies with between 31 and 49 participants, thyroid hormone supplementation for preterm infants under 32 weeks' gestation had either beneficial or no apparent effects [6, 8, 13, 18, 19] . If the effect seen in the post hoc analysis by van Wassenaer et al. [14] was confirmed in larger studies, LT4 supplementation would give a clinically relevant improvement to clinical outcome. Accordingly, it is essential to examine whether this effect could be reproduced in a larger sample. We chose to power the study by a surrogate outcome in order to determine whether future studies powered on neurodevelopmental outcomes are warranted.
This study was designed as an explanatory trial [20] aimed at determining whether supplementation with LT4 postnatally until 32 weeks' corrected gestational age (CGA) affects brain growth, somatic growth, the hypothalamicpituitary-thyroid axis and hypothalamo-pituitary-adrenal axis. T4-supplementation was continued until 32 weeks' CGA because there is epidemiological evidence from neurodevelopmental data acquired in the UK and Bavaria, Germany, that development from 32 weeks post conception until term-equivalence is fairly constant, whereas at lower gestations there is a loss of around 5 IQ points for each week of gestation [21] . Thus, infants below 32 weeks gestation appear to be particularly vulnerable to neurodevelopmental impairment and therefore most likely to benefit from any intervention. Transient hypothyroxinaemia was chosen because there are data to suggest that this intervention may be useful and the choice of LT4 supplementation and its dose was based on the previous study of van Wassenaer et al. [14] .
Methods
This was a randomized, double blind, placebo-controlled, explanatory trial of postnatal LT4 supplementation given until 32 weeks' CGA (that is, gestation plus postnatal age) to infants born below 28 weeks' gestation. The protocol has been published [22] .
Subjects
Multiple births were included with both babies randomized to the same arm. The following were excluded: infants born to mothers with known thyroid disease, on antithyroid medications or amiodarone; infants with major congenital or chromosomal abnormalities known to affect thyroid function or brain development; infants whose mothers died within 5 days of giving birth.
Intervention
Two forms of the active medication with corresponding placebos were used: intravenous LT4 (Levothyroid, Aventis Pharma, Spain, Marketing Authorization 971622) and oral LT4 solution (Evotrox, Kappin Ltd, London, Marketing Authorization PL20249/0007). The LT4-supplemention regime used the same dosage regimen as previous studies [14, 23] , that is 8 μg/kg birthweight/day as a single daily dose. Either intravenous LT4 or placebo (5% dextrose) was started during the first 5 days after birth. Once enteral feeds were fully established, the oral solution Evotrox or placebo (carrier solution without active drug) were given daily until 32 weeks' CGA.
Randomisation
Randomisation codes were computer generated using STATA with random variable block sizes of two and four, stratified by centre and gestation at birth (< 25 weeks' gestation, [25] [26] +6 weeks' gestation, 27-27 +6 weeks' gestation). Allocation concealment was done by the pharmacy departments of participating hospitals.
Parents, care providers and outcome assessors were unaware of treatment allocation. Twin births followed the randomisation process as per singleton births such that siblings would receive the same allocation.
Imaging
Cranial ultrasound scans were performed by a single observer at 36 weeks' CGA to measure the width of the subarachnoid space (primary outcome). Measurement of the subarachnoid space during routine cranial ultrasound was chosen as a pragmatic primary outcome measure performed by a single observer within a multicentre study to provide an indirect method of monitoring brain growth in preterm infants [24] . Occipito-frontal circumference at hospital discharge is associated with neurodevelopmental outcome [25] . We selected subarachnoid space as a surrogate outcome because it accounts for infants who have poor brain growth accompanied by high volumes of cerebrospinal fluid. Secondary outcomes were: (1) head circumference at 36 weeks' CGA; (2) thyroid hormone ((thyroid stimulating hormone (TSH), FT4) plasma concentrations between birth and 36 weeks' CGA; (3) auxological data (weight, lower leg length (knee to heel distance using knemometry), and occipito-frontal circumference); (4) survival; (5) duration of mechanical ventilation; and (6) chronic lung disease requiring home oxygen. All blood investigations and auxological measurements were made before supplementation (baseline) and on Day 14, Day 21, Day 28 and at 36 weeks' CGA.
Sample size calculation
Sample size was calculated using the standard deviation (SD) of subarachnoid space width using data from Armstrong et al. [24] Sixty-four infants in each group would have 80% power to detect a difference of 0.67 mm (that is, 0.5*SD) in subarachnoid space width between the groups at 36 weeks' CGA. We assumed 20% loss to follow-up and aimed to randomize 150 infants. Analyses followed the principle of intention to treat with the allocation broken after determining inclusion in the analysis population for each outcome.
Statistical analyses
A statistical analysis plan was agreed upon before the final analysis. Distributions of continuous outcomes were checked. P values were calculated using a t-test or MannWhitney U test as appropriate. Mixed models were used for longitudinal analyses, analysis of covariance to investigate leg length allowing for baseline measurements, and correlations used Spearman's correlation. Analyses followed the principle of intention to treat with the allocation broken after determining inclusion in the analysis population for each outcome. Trial oversight was by an Independent Data and Safety Monitoring Committee (IDSMC). The IDSMC made recommendations to a Trial Steering Committee, which included a majority (three) of independent members. Quality control and assurance of the trial analyses and design of the trial were supported by the National Institute for Health Research Medicines for Children's Clinical Trial Unit. The adoption of the study by the UK's Medicines for Children's Research Network supported coordination between centres [26] and the trial was subjected to inspection by the Medicines and Healthcare products Regulatory Association (MHRA).
Ethical approval
The study was approved by North West Research Ethics Committee (reference number 07/MRE08/37) and by the Medicines for Human Regulatory Agency (MHRA). The parents of each potentially eligible baby were informed of the study's objectives and overall requirements after birth when the baby had achieved respiratory and haemodynamic stability. The Investigator explained the study fully to the patient's parent(s)/guardian(s) using a Patient Information Leaflet. The parent/guardian was then given at least 12 h to consider the study. If a parent/guardian was willing for the patient to participate in the study written informed consent was obtained.
Results
A total of 267 infants were assessed for eligibility from five recruiting centres and 153 infants were recruited to the trial. Recruited period commenced September 2007 and recruitment completed in June 2010. There were no differences in baseline characteristics between eligible infants recruited to the trial compared with infants not recruited to the trial. Seventy-eight infants received LT4 supplementation and 75 received placebo. Throughout the study no treatment allocation was unblinded and no suspected unexpected serious adverse reaction (SUSAR) was reported. The CONSORT flow diagram (Figure 1) shows the passage of all recruited and eligible participants. Baseline characteristics between LT4-supplemented and placebo groups are shown in Table 1 and there were no significant differences between groups. The primary and secondary outcomes are shown in Table 2 . Subarachnoid space width at 36 weeks' CGA was similar for the two groups. Multivariate linear analysis of independent factors (gestational age, Clinical Risk Index for Babies (CRIB) score and mean FT4 levels) that might have affected the width of the subarachnoid space showed that mean FT4 levels were significant (beta=−0.37, P=0.03), that is, the lower the mean FT4 level, the wider the subarachnoid space. Gestation was the only independent factor affecting FT4 concentrations (beta 0.81, P=0.001).
The only secondary outcome difference was that infants who received LT4 had significantly shorter lower leg lengths at 36 weeks CGA than those in the placebo group. However, although the baseline mean lower leg length was not statistically significantly different, it trended longer in the placebo group than in the LT4 supplemented group (mean difference −0.83 mm (95%CI −3.35, 1.70, P=0.51)). Leg growth between baseline and 36 weeks CGA was similar for the two groups (mean difference −2.51 mm (95%CI −0.60 to 5.63), P=0.11), and adjustment for baseline values showed a mean difference that was not significant (−2.80 mm (95%CI −5.80, 0.19), P=0.06).
The plasma FT4 and TSH concentrations are shown in Table 3 . The plasma FT4 hormone concentrations at baseline were similar for the two groups. Supplementation effectively significantly raised plasma FT4 concentrations in the LT4-supplemented group initially, but after stopping supplementation, plasma FT4 concentrations in the LT4-supplemented group became significantly lower than in the placebo group. Plasma cortisol levels for the two groups were similar. Figure 2 shows the longitudinal profiles of plasma FT4, TSH, cortisol and ACTH concentrations from baseline to week 36.
There were no significant adverse events noted in the LT4-supplemented or placebo groups.
Discussion
The standard design of a randomised controlled trial is intended to evaluate the effectiveness of the introduction of a new technology to clinical practice, while explanatory trials allow for a better understanding of the mechanisms for any treatment effect found. This trial was designed with a surrogate outcome in order to indicate whether a trial of effectiveness is appropriate and as an explanatory trial [27] in order to improve understanding of the effects and mechanisms of thyroxine supplementation.
A daily supplement of LT4 until 32 weeks' CGA raised plasma FT4 concentrations during the first 3 weeks after birth. TSH secretion in the LT4-supplemented group was suppressed by day 14 during supplementation, indicating some integrity of the HPT axis in these very immature babies. No documented adverse effects relating to signs or symptoms of hyperthyroidism were documented during the trial. After discontinuation of supplemental LT4, FT4 concentrations were significantly lower in babies who had received supplementation than those given placebo, suggesting an ability to respond to withdrawal of the external supply of hormone at least by 32 weeks' CGA. Babies in the placebo group had increasing plasma FT4 concentrations between day 28 and week 36, in accordance with the natural history of this condition described previously [28] .
Despite evidence that the dose used had an effect on the HPT axis, there was no difference between the LT4-supplemented infants and those in the placebo group with regard to the primary outcome of subarachnoid space width at 36 weeks' gestation. There were no differences between the two groups for head circumference and weight at 36 weeks' CGA.
Infants who received LT4 supplementation had significantly shorter lower leg lengths at 36 weeks' CGA (P=0.02). However, after adjusting for baseline leg length, the difference failed to reach significance (P=0.06). This finding was unexpected. If it represents a real effect of LT4 supplementation, it is possible that higher FT4 levels early in life for LT4-supplemented babies caused an increase in metabolic requirements resulting in less good linear growth [9] . A possible mechanism is through the regulation of endochondral ossification, affecting skeletal development, linear growth and bone formation [29, 30] . TSH, which appeared in this study to be downregulated by LT4-supplements, may also be a direct negative regulator of bone turnover, acting via the TSH receptor on both osteoblasts and osteoclasts [31] .
There were no unexpected serious adverse events throughout the trial and no difference in the incidence of adverse events in the two groups. Our results concurred with van Wassenaer et al. [14] who also reported no significant difference in incidence of adverse events in their study.
A surrogate outcome (width of the subarachnoid space) was used to reflect brain size at 36 weeks' CGA although there are no data relating ultrasound measured width of subarachnoid space with neurodevelopmental outcome. However, head size, and therefore brain size, at term-equivalence is associated with long-term neurodevelopmentalal outcome in extremely preterm neonates Maternal infection was defined as maternal pyrexia >38°C or raised maternal blood C-reactive protein concentration during week before birth.
so that this surrogate outcome has some validity and has been partially qualified as a surrogate outcome [24, 32] . It is also possible that this outcome failed to detect an important difference between the groups. Brain MRI may provide a more relevant surrogate. However, experience with a previous trial involving a similar group of babies and parents indicated that consent to MRI scans in this population is relatively low [33] . Our experience confirmed this: the parents of only 38% of surviving infants consented to the TIPIT MRI sub-study. Participants in this trial are currently receiving neurodevelopmental follow-up at 42 months of age. LT4-supplementation increases the metabolism of cortisol to biologically inactive cortisone and might lead to significant adrenal insufficiency [34] . However, there was no evidence of worsening plasma cortisol levels with LT4 supplementation. Our findings were concordant with a study by Valerio et al. who showed that T(3) and T(4) administration did not have any effect on cortisol levels [19] .
It remains unclear whether low levels of circulating thyroxine are physiologically appropriate for such very immature babies, or whether THOP is a kind of transient hypothyroidism that is centrally mediated. Therefore, the effects of 'correction' of the postnatal FT4 concentrations in the individual premature infant are difficult to predict. It is impossible to predict the severity and duration of the low FT4 state in an individual. It is also not possible to propose a 'one dose fits all' approach to normalise the FT4 as it is difficult to estimate the optimal FT4 concentrations for an extremely premature infant without measuring serial FT4 and TSH concentrations. Our results do show significant correlations between low FT4 concentrations and wider subarachnoid space, that is, smaller brain size. It is therefore plausible that it is the actual FT4 concentrations Figure 2 Interactions between blood FT4, TSH, ACTH and cortisol concentrations. The data points represent the mean value for each variable. ACTH, mean plasma ACTH concentration; Cort, mean plasma cortisol concentration; FT4, mean plasma FT4 concentration; TSH, mean plasma TSH concentration.
achieved that creates an impact on central nervous system development.
Conclusions
The findings from this study suggest that giving supplementary thyroxine to all babies below 28 weeks' gestation does not improve short-term outcome. It appears that gestational age alone is not a sufficiently strong risk factor to institute thyroid supplementation for all preterm infants or to use as an inclusion criterion in RCTs. This study suggests that further studies of this intervention should target infants with low FT4 levels, and other approaches to THOP may also be usefully investigated.
